Natural ester, as a new environmentally green insulating oil, has been widely used in transformer. In an oil-immersed transformer, the normal aging, thermal failure, and discharge failure could easily lead to the decomposition of the oil-paper insulation system and produce different kinds of gases. Studying gas dissolution in natural ester and mineral oil could provide assistance in applying criteria to make a diagnosis of different kinds of faults in the transformer. In this paper, the molecular dynamics method was used to investigate the diffusion behavior of seven fault characteristic gases (including H 2 , CO, CH 4 , C 2 H 2 , CO 2 , C 2 H 4 , C 2 H 6 ) in natural ester and mineral oil. The simulation parameters of free volume, interaction energy, mean square displacement, and diffusion coefficient were compared between the natural ester and mineral oil. Meanwhile, the influence of temperature on the diffusion of gas molecules in two kinds of oils was also analyzed. Results showed that the free volume, the interaction energy, and the relative molecular mass of gas molecules were the factors influenced by the diffusion of gas molecules in natural ester and mineral oil. The order of the diffusion coefficients of gas molecules in natural ester was as follows: H 2 > CH 4 > CO > C 2 H 2 > C 2 H 4 > CO 2 > C 2 H 6 and that in mineral oil was as follows: H 2 > CH 4 > CO> C 2 H 2 > C 2 H 4 > C 2 H 6 > CO 2 . By comparing the diffusion behavior of gas molecules in natural ester and mineral oil, it was found that the smaller free volume and higher interaction energy of gas molecules in natural ester were the major reasons for the gas molecules to be more difficult to diffuse in natural ester. The rising temperature could enhance the free volume and reduce the interaction energy between gas molecules and oil. The diffusion coefficient of gas molecules increased exponentially with the follow of temperature. However, the temperature didn't affect the ordering of diffusion coefficient, free volume, and interaction energy of gas molecules in natural ester and mineral oil.
Introduction
One of the most important electrical equipment in an electrical power system is a transformer, and it plays a significant role in providing an efficient and reliable electricity supply. The oil-paper insulation system is used as the main insulation structure in transformers. Because of its economic performance and good insulation characteristics, mineral oil has been extensively used in transformers. However, some disadvantages of mineral oil, such as low flash point, poor biodegradation rate, and analyzed. Finally, the influence of temperature on the diffusion of gas molecules in natural ester and mineral oil was analyzed by simulation from 283 K to 363 K. Moreover, this work provided assistance in understanding and applying criteria and the real-time diagnosis of faults.
Molecular Dynamics Simulation

Model Setup
The main gases molecules in mineral oil and natural ester are as follows: hydrocarbons, such as methane (CH 4 ), acetylene (C 2 H 2 ), ethylene (C 2 H 4 ), and ethane (C 2 H 6 ), carbon oxides, such as carbon monoxide (CO) and carbon dioxide (CO 2 ), and hydrogen (H 2 ). The gas molecular models are shown in Figure 1 .
The natural ester model was built on the basis of soybean natural ester. Each natural ester model was composed of 10 triglyceride molecules. The saturated fatty acid in soybean oil-based natural ester is stearic acid (C 18:0 , CH 3 (CH 2 ) 16 COOH), the monounsaturated fatty acid is mainly oleic acids (C 18:1 , CH 3 (CH 2 ) 7 CH=CH(CH 2 ) 7 COOH), the unsaturated fatty acid (double bonds) is mainly linoleic acid (C 18:2 , CH 3 (CH 2 ) 4 CH=CHCH 2 CH=CH(CH 2 ) 7 COOH), and the unsaturated fatty acid (triple bonds) is linolenic acid (C 18:3 , CH 3 CH 2 CH=CHCH 2 CH=CHCH 2 CH=CH(CH 2 ) 7 COOH). The main fatty acid compositions of natural ester are shown in Table 1 .
The mineral oil model was established based on cycloalkyl mineral oil [11] . The basic physics and chemical properties of cycloalkyl mineral oil are mainly determined by chain hydrocarbon and naphthenic hydrocarbon, according to mass spectrometry. The main component mass fractions of mineral oil are shown in Table 2 .
Gas within natural ester models and mineral oil models were established, respectively. The number of gas molecules did not affect the final simulation result. If the number of gas molecules is too small, the result will be more accidental. Accordingly, in each model, 45 gas molecules were added. Taking the diffusion model of H 2 molecules in mineral oil and natural ester as an example, the constructed model is shown in Figure 2 .
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Molecular Dynamics Simulation
Model Setup
Gas within natural ester models and mineral oil models were established, respectively. The number of gas molecules did not affect the final simulation result. If the number of gas molecules is too small, the result will be more accidental. Accordingly, in each model, 45 gas molecules were added. Taking the diffusion model of H2 molecules in mineral oil and natural ester as an example, the constructed model is shown in Figure 2 . 
Simulation Processes and Parameters
The amorphous cell tools module was used to build the model, and each model was geometrically optimized. The initial energy of each model was very high. High temperature can provide more energy to the system in a shorter time in order to overcome the energy barrier and find the lowest point of energy in molecular dynamics simulation. Therefore, to make the model reasonable, geometry and energy optimization was required. The treatment process included structural refinement, volume relaxation, and annealing. Firstly, in the process of structural optimization, the default smart algorithm was adopted, which meant a rough optimization by the steepest descent method followed by a further optimization in the conjugate gradient method with 5000 steps. Then, during the annealing, the temperature started from 300 to 1000 K. The annealing time was set at 100 ps, and the energy minimization was carried out for every annealing step. After the above treatment, the molecular dynamics simulation was carried out in the next stage. Constant-pressure and constant-temperature (NPT) ensemble, with a constant number of molecules, pressure, and temperature, was used to balance each model with 500 ps. Then, the canonical ensemble (NVT) ensemble, with a constant number of molecules, volume, and temperature, was used for molecular dynamics simulation with 500 ps. Each model was simulated during heating from 283 K to 363 K, with the simulation results recorded every 20 K.
Molecular dynamics simulation was performed by the pcff force field, which has been proved to be applicable to carbohydrate calculations [10, 11] . The atom-based Ewald method was used in the calculation of the Van der Waals and electrostatic action. The nose method was used to control temperature [15] . Berendsen method was used to control pressure [16] , and the pressure was set to 101.3 kPa. Materials Studio software was used for the whole simulation process, and part of the data was collected by self-scripted.
Calculation Method
Free Volume
The free volume of gas molecules in oil is an important factor influencing the diffusion behavior of gas molecules. Based on Fox and Flory's free volume theory [17] , the occupied volume (V O ) and the free volume (V F ) constitute the total volume (V T ) of the polymer according to Equation (1) . The free volume is scattered in the whole polymer in the form of the void, and it is because of the free volume that the molecules in the polymer are in motion. The fraction of free volume (FFV) is the ratio of the free volume to the total volume. Because of the relativity of free volume, the free volume of different gas molecules in the same medium is different. The free volume of gas molecules is determined by the nature and size of gas molecules. During the simulation, atom volume and the surface tool was used to calculate the free volume of seven gas molecules under the surface of Connolly.
Molecules 2019, 24, 4463 5 of 21
Interaction Energy
There is interaction energy between the gas molecules and the mineral oil, which plays a significant role in gas diffusion behavior. The interaction energy between substances in the simulation model can be obtained by Equation (2):
where E int is the interaction energy between the two substances in the model, E t is the total energy in the model, E A and E B are the energies of A and B. The interaction is positive, which means the two substances repel each other. Contrarily, it means that two substances are attracted to each other. The bigger the negative, the more attractive. The interaction energy mainly consists of Van der Waals interaction energy and electrostatic interaction energy. The Van der Waals interaction energy can be expressed as follows:
where E vdw is the Van der Waals interaction energy, D 0 is equilibrium well depth, R 0 is equilibrium distance, and R is the distance between two particles. The electrostatic action energy can be calculated as follows:
where E elec is the electrostatic interaction energy, c is a unit conversion factor, ε is relative dielectric constant, R is the distance between two particles, and q is the charge of particles.
Diffusion Displacement
The displacement of gas molecules can well reflect the diffusion behavior of gas molecules, and it can be calculated, as shown in Equation (5) .
where R(t) is the displacement of the water molecule relative to the initial moment at time t. r(t) and r(0), respectively, represent the coordinates of the water molecule at time t and time 0.
Mean Square Displacement
The motion state of gas molecules can be expressed by mean square displacement (MSD), which describes the average distance of all particles from their initial point at time t. MSD can be expressed as the following equation:
where → r i (t) and → r i (0) represent the position vector of the atom at time t and time 0, respectively. < > represent the average of all particles in the model. The diffusion coefficient is an important parameter to characterize the diffusion ability of matter, which can be solved by Einstein formula. The diffusion coefficient can be derived from Equation (7) [18] .
where a is the slope of the curve fitted by MSD.
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Correlation Analysis
The correlation between different factors and diffusion can be calculated by the Pearson correlation coefficient. Pearson correlation coefficient can be obtained from the following Equation (8):
where r is the Pearson correlation, which is between negative 1 and 1. When r is greater than 0, two variables are positively correlated. On the contrary, two variables are negatively correlated. Data correlation can be divided into three levels. Additionally, when the absolute value of r is less than 0.4, it indicates a low degree of linear correlation; when the absolute value of r is greater than 0.4 and less than 0.7, it indicates a significant correlation; when the absolute value of r is greater than 0.7, it indicates a high degree of linear correlation.
Results and Discussion
Analysis of Factors and Differences Affecting Diffusion
Free Volume Analysis
The free volume of gas molecules in oil is one of the important factors affecting the diffusion of gas molecules. Figure 3 demonstrates the simulation results of part of gas molecules by giving the detail of cell volume in gas molecules with natural ester and mineral oil at 343 K. The grey part shows the occupied volume, and the blue one stands for free volume. The fractional free volume of seven gas molecules in natural ester with 343 K was calculated, as shown in Table 3 . The fractional free volume of H 2 was the largest, and the free volume of C 2 H 6 was the smallest; 12.29 and 3.45, respectively. The FFV order of gas molecules in natural ester was as follows: H 2 > CO > CH 4 > C 2 H 2 > CO 2 > C 2 H 4 > C 2 H 6 .
Compared with the natural ester, the sequence of FFV of gas molecules was consistent, as listed in Table 4 and Figure 4 , which was related to the radius of gas molecules. However, the FFV of gas molecules in mineral oil was greater. It is well known that natural esters have a higher viscosity than mineral oils [19] . According to the free volume theory [20] , the relationship between viscosity and free volume can be calculated by the following Equation (9):
where n 0 is the viscosity, V is total volume, V f is free volume, A and B are constants. It can be seen that the larger the viscosity, the smaller the free volume. Therefore, the FFV of gas molecules in natural ester was less than that in mineral oil. 
Interaction Energy Analysis
The interaction energy between gas molecules and oil affected the diffusion behavior of gas molecules. Taking H2, CO, and C2H2 as examples, Figure 5 sketches the interaction energy of gas molecules, with natural ester and mineral oil changed over time. In Figure 5 , Eint is the interaction energy between gas and oil, Evdw and Eelec, respectively, represent the Van der Waals action energy and electrostatic action energy of gas molecules and oil. It could be seen that the interaction energy between H2, including the remaining gas molecules, and oil could fluctuate up and down a certain value with the change of simulation time, meaning that each model had reached equilibrium, and the simulation results were reliable. Table 5 shows average interaction energy between gas molecules and natural ester at 343 K. It could be seen that the interaction energy between the gas molecules and natural ester was the binding energy, the Van der Waals interaction energy was the main interaction energy, and the electrostatic interaction energy was extremely low. According to Table 5 , the binding energy of H2 and natural ester was the smallest, only reaching 35.56 kcal/mol, the binding energy of hydrocarbon gas was 
The interaction energy between gas molecules and oil affected the diffusion behavior of gas molecules. Taking H 2 , CO, and C 2 H 2 as examples, Figure 5 sketches the interaction energy of gas molecules, with natural ester and mineral oil changed over time. In Figure 5 , E int is the interaction energy between gas and oil, E vdw and E elec , respectively, represent the Van der Waals action energy and electrostatic action energy of gas molecules and oil. It could be seen that the interaction energy between H 2 , including the remaining gas molecules, and oil could fluctuate up and down a certain value with the change of simulation time, meaning that each model had reached equilibrium, and the simulation results were reliable. Table 5 shows average interaction energy between gas molecules and natural ester at 343 K. It could be seen that the interaction energy between the gas molecules and natural ester was the binding energy, the Van der Waals interaction energy was the main interaction energy, and the electrostatic interaction energy was extremely low. According to Table 5 , the binding energy of H 2 and natural ester was the smallest, only reaching 35.56 kcal/mol, the binding energy of hydrocarbon gas was 124.7~206.34 kcal/mol, and the binding energies of CO and CO 2 had little difference, respectively, 177.51 kcal/mol and 168.34 kcal/mol. The interaction energy between gas molecules and natural ester was as following:
The average interaction energy between gas molecules and mineral oil at 343 K was calculated, as depicted in Table 6 . Van der Waals energy was still the main interaction energy between gas molecules and mineral oil. The binding energy of H 2 and mineral oil only reached 33.36 kcal/mol. The binding energy of hydrocarbon gas was 121.31~187.26 kcal/mol. The binding energies of CO and CO 2 were almost the same, respectively, 155.8 kcal/mol and 158.1 kcal/mol. The interaction energy between gas molecules and mineral oil was as following:
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Relative Molecular Weight Analysis
When comparing the diffusion behavior of different gas molecules, the relative molecular weight of the gas could not be ignored. Table 7 shows the relative molecular weight of gas molecules. By comparing the relative molecular weight and interaction energy of gas molecules, it could be found that the larger the molecular weight of gas molecules with similar structures, the greater the interaction energy. But CO and CO2 in natural esters were an exception. 
Diffusion Displacement and Trajectory of Gas Molecules
The displacement of gas molecules in natural ester and mineral oil under 343 K is depicted in Figure 7 . It was found that the displacement of the gas molecules in the oil was zigzag, indicating that the gas molecules diffuse in the form of continuous jumps. This result indicated that gas molecules could conduct continuous transformational diffusion in the holes of the medium, whether in natural ester or mineral oil. On the one hand, whether the gas molecules were in natural ester or mineral oil, H2 had the greatest displacement distance. H2 jumped a lot more each time than other gas molecules, making it easier to spread. On another hand, gas molecules tended to move closer in natural ester compared with mineral oil. 
Relative Molecular Weight Analysis
When comparing the diffusion behavior of different gas molecules, the relative molecular weight of the gas could not be ignored. Table 7 shows the relative molecular weight of gas molecules. By comparing the relative molecular weight and interaction energy of gas molecules, it could be found that the larger the molecular weight of gas molecules with similar structures, the greater the interaction energy. But CO and CO 2 in natural esters were an exception. 
Diffusion Displacement and Trajectory of Gas Molecules
The displacement of gas molecules in natural ester and mineral oil under 343 K is depicted in Figure 7 . It was found that the displacement of the gas molecules in the oil was zigzag, indicating that the gas molecules diffuse in the form of continuous jumps. This result indicated that gas molecules could conduct continuous transformational diffusion in the holes of the medium, whether in natural ester or mineral oil. On the one hand, whether the gas molecules were in natural ester or mineral oil, H 2 had the greatest displacement distance. H 2 jumped a lot more each time than other gas molecules, making it easier to spread. On another hand, gas molecules tended to move closer in natural ester compared with mineral oil. Figure 8 shows the diffusion trajectory of gas molecules in two kinds of oil. The lines formed by the red dots are the three-dimensional diffusion trajectories; the lines formed by the black dots, green dots, and the blue dots are the projections of the diffusion trajectories on the xy, xz, and yz planes, respectively. It could be seen that the diffusion trajectories in xx, xy, and xz planes were basically the same, the trajectory range of H 2 was the largest, the diffusion trajectory was scattered, and the range of CO 2 and C 2 H 6 diffusion trajectories was small. The diffusion trajectories of the gas molecules in the two kinds of oils were compared, and it could be found that the diffusion trajectories of gas molecules in natural esters were smaller and denser than that in mineral oil. 
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Diffusion Coefficient and Correlation Analysis of Gas Molecules
The MSD curves of seven gas molecules in natural ester and mineral oil at 343 K is illustrated in Figure 9 . It was distinctly observed that different gas molecules had different MSD curves. There was an evident difference in MSD between H2 molecules and the other six gas molecules. The MSD of H2 was largest in two kinds of oil, and the MSD of C2H6 and CO2 was lowest in natural ester and mineral oil, respectively. 
The MSD curves of seven gas molecules in natural ester and mineral oil at 343 K is illustrated in Figure 9 . It was distinctly observed that different gas molecules had different MSD curves. There was an evident difference in MSD between H 2 molecules and the other six gas molecules. The MSD of H 2 was largest in two kinds of oil, and the MSD of C 2 H 6 and CO 2 was lowest in natural ester and mineral oil, respectively.
The diffusion coefficient could be used to characterize the diffusion rate of gas molecules. The diffusion coefficient of gas molecules is shown in Tables 8 and 9. The fitting correlations in Tables 8 and 9 were all greater than 0.95, and the simulation fitting results were reliable. The order of the diffusion coefficients of gas molecules in natural ester was as follows: H 2 > CH 4 > CO> C 2 H 2 > C 2 H 4 > CO 2 > C 2 H 6 and that in mineral oil was as follows: H 2 > CH 4 > CO > C 2 H 2 > C 2 H 4 > C 2 H 6 > CO 2 . All gas molecules in two oils had the same diffusion coefficient except for CO 2 . In addition, as shown in Figure 10 , another obvious rule was that the diffusion coefficient of gas molecules in natural ester was less than that in mineral oil, which was consistent with the above analysis of influence law. The diffusion coefficient could be used to characterize the diffusion rate of gas molecules. The diffusion coefficient of gas molecules is shown in Table 8 and Table 9 . The fitting correlations in Table  8 and Table 9 were all greater than 0.95, and the simulation fitting results were reliable. The order of the diffusion coefficients of gas molecules in natural ester was as follows: H2 > CH4 > CO> C2H2 > C2H4 > CO2 > C2H6 and that in mineral oil was as follows: H2> CH4 > CO > C2H2 > C2H4 > C2H6 > CO2. All gas molecules in two oils had the same diffusion coefficient except for CO2. In addition, as shown in Figure 10 , another obvious rule was that the diffusion coefficient of gas molecules in natural ester was less than that in mineral oil, which was consistent with the above analysis of influence law. Figure 10 . Comparison diagram of the diffusion coefficient of gas molecules in oil.
To prove how the three factors affect the diffusion of gas molecules, the Pearson correlation coefficient was used to calculate the correlation of the FFV, interaction energy, and relative molecular The diffusion coefficient could be used to characterize the diffusion rate of gas molecules. The diffusion coefficient of gas molecules is shown in Table 8 and Table 9 . The fitting correlations in Table  8 and Table 9 were all greater than 0.95, and the simulation fitting results were reliable. The order of the diffusion coefficients of gas molecules in natural ester was as follows: H2 > CH4 > CO> C2H2 > C2H4 > CO2 > C2H6 and that in mineral oil was as follows: H2> CH4 > CO > C2H2 > C2H4 > C2H6 > CO2. All gas molecules in two oils had the same diffusion coefficient except for CO2. In addition, as shown in Figure 10 , another obvious rule was that the diffusion coefficient of gas molecules in natural ester was less than that in mineral oil, which was consistent with the above analysis of influence law. To prove how the three factors affect the diffusion of gas molecules, the Pearson correlation coefficient was used to calculate the correlation of the FFV, interaction energy, and relative molecular To prove how the three factors affect the diffusion of gas molecules, the Pearson correlation coefficient was used to calculate the correlation of the FFV, interaction energy, and relative molecular mass. Pearson correlation coefficients were calculated for three influencing factors and diffusion coefficients, respectively, and the results are shown in Table 10 . D-E, D-FFV and D-R are the Pearson coefficients of diffusion coefficients and interaction energy, free volume, and relative molecular weight, respectively. The three factors were highly linearly correlated with the diffusion coefficient in natural ester and mineral oil. However, the interaction energy was the most important factor in natural ester, while the FFV was the most important factor in mineral oil.
In summary, the diffusion behavior of gas molecules in different oil media was different. The viscosity of natural ester was much higher than that of mineral oil, so the fractional free volume of gas molecules in natural ester oil was small the natural esters had higher interaction energy and stronger binding effect on gas molecules, which made the diffusion of gas molecules in natural ester hindered greatly, and the diffusion coefficient was small. In addition, a significant difference in composition between the natural ester and mineral oil resulted in different interaction energy between gas molecules and oil medium, which led to the different sequences of diffusion coefficients of gas molecules in natural ester and mineral oil. 
Influence of Temperature on the Diffusion Behavior of Gases
In addition to the influence factors, such as the type of gas molecules and oil medium, temperature also had a great influence on the diffusion behavior of gas molecules in the oil medium. Due to the wide application of transformers, taking into account the different operating locations of different transformers and the different operating loads, the operating temperature would also vary greatly. In this work, the diffusion behaviors of gas molecules in natural ester and mineral oil at 283 K, 303 K, 323 K, 343 K, and 363 K temperatures were, respectively, simulated.
The free volume of gas molecules in natural esters and mineral oils varied with temperature, as shown in Figure 11 , Table 11, and Table 12 . Obviously enough, FFV of all gas molecules in natural ester and mineral oil had increased gradually from 283 K to 363 K. There were two reasons for this phenomenon. Firstly, as the temperature increased, the volume of the model expanded, and the gas had more free space. Secondly, the higher the temperature, the lower the viscosity of the oil medium, and the larger the free volume of the gas molecules. As can be seen from Figure 12 , Table 13 , and Table 14 , the interaction energy between gas molecules and oil had declined with increasing temperature. This phenomenon could be attributed to the increase in the kinetic energy of the gas molecules as the temperature increased. In brief, the temperature didn't affect the ordering of free volume and interaction energy of gas molecules in natural ester and mineral oil. mass. Pearson correlation coefficients were calculated for three influencing factors and diffusion coefficients, respectively, and the results are shown in Table 10 . D-E, D-FFV and D-R are the Pearson coefficients of diffusion coefficients and interaction energy, free volume, and relative molecular weight, respectively. The three factors were highly linearly correlated with the diffusion coefficient in natural ester and mineral oil. However, the interaction energy was the most important factor in natural ester, while the FFV was the most important factor in mineral oil. In summary, the diffusion behavior of gas molecules in different oil media was different. The viscosity of natural ester was much higher than that of mineral oil, so the fractional free volume of gas molecules in natural ester oil was small the natural esters had higher interaction energy and stronger binding effect on gas molecules, which made the diffusion of gas molecules in natural ester hindered greatly, and the diffusion coefficient was small. In addition, a significant difference in composition between the natural ester and mineral oil resulted in different interaction energy between gas molecules and oil medium, which led to the different sequences of diffusion coefficients of gas molecules in natural ester and mineral oil. Table 10 . Pearson correlation coefficient in oil. 
D-E D-FFV D-R
Influence of Temperature on the Diffusion Behavior of Gases
The free volume of gas molecules in natural esters and mineral oils varied with temperature, as shown in Figure 11 , Table 11, and Table 12 . Obviously enough, FFV of all gas molecules in natural ester and mineral oil had increased gradually from 283 K to 363 K. There were two reasons for this phenomenon. Firstly, as the temperature increased, the volume of the model expanded, and the gas had more free space. Secondly, the higher the temperature, the lower the viscosity of the oil medium, and the larger the free volume of the gas molecules. As can be seen from Figure 12 , Table 13, and  Table 14 , the interaction energy between gas molecules and oil had declined with increasing temperature. This phenomenon could be attributed to the increase in the kinetic energy of the gas molecules as the temperature increased. In brief, the temperature didn't affect the ordering of free volume and interaction energy of gas molecules in natural ester and mineral oil. The diffusion coefficients of gas molecules at different temperatures are shown in Table 15 and Table 16 . It could be seen that the diffusion coefficient sequence of gas molecules in mineral oil and natural ester did not change at all temperatures, and the diffusion coefficient of gas molecules increased with the increase of temperature, which is supported by the above analysis.
The thermodynamic process of gas molecular diffusion follows the Arrhenius equation according to the thermodynamic formula [21] , as shown in Equation (10):
where D is the diffusion coefficient at T temperature, D0 is the preexponential factor, ED is the diffusion activation energy, and R is a constant. Thereby, Equation (8) can be simplified into the following equation:
where a and b are the constants, the fitting curve and equation of each gas at species temperature were fitted according to Equation (11) . In Figure 13 and Tables 17 and 18 , the resulting fit curve is given, and the fitting formulas are shown. Tables 17 and 18 provide a phenomenon that the diffusion coefficient of gas molecules had a good fitting relationship with temperature, proving the accuracy of molecular simulation. The diffusion coefficients of gas molecules at different temperatures are shown in Tables 15 and 16 . It could be seen that the diffusion coefficient sequence of gas molecules in mineral oil and natural ester did not change at all temperatures, and the diffusion coefficient of gas molecules increased with the increase of temperature, which is supported by the above analysis.
where D is the diffusion coefficient at T temperature, D 0 is the preexponential factor, E D is the diffusion activation energy, and R is a constant. Thereby, Equation (8) can be simplified into the following equation:
where a and b are the constants, the fitting curve and equation of each gas at species temperature were fitted according to Equation (11) . In Figure 13 and Tables 17 and 18 , the resulting fit curve is given, and the fitting formulas are shown. Tables 17 and 18 provide a phenomenon that the diffusion coefficient of gas molecules had a good fitting relationship with temperature, proving the accuracy of molecular simulation. 
Conclusions
The diffusion behavior of seven gas molecules in natural ester and mineral oil was studied based on molecular dynamics simulation. The fractional free volume, interaction energy, diffusion displacement, trajectory, MSD, and diffusion coefficient were analyzed. The conclusions are as follows:
The fractional free volume of gas molecules in oil was one of the important factors affecting the diffusion of gas molecules. The FFV order of seven gas molecules in natural ester and mineral oil was as follows: H 2 > CO > CH 4 > C 2 H 2 > CO 2 > C 2 H 4 > C 2 H 6 . The FFV of gas molecules in natural ester was smaller than that in mineral oil, which was attributed to the higher viscosity of natural esters, resulting in the smaller free volume of gas molecules in natural esters.
The interaction energy between gas molecules and oil affected the diffusion behavior of gas molecules. The interaction energy between the gas molecules and two kinds of oil was the binding energy, the Van der Waals interaction energy was the main interaction energy, and the electrostatic interaction energy was extremely low. The interaction energy between gas molecules and natural ester was as following: C 2 H 6 > C 2 H 4 > CO > CO 2 > C 2 H 2 > CH 4 > H 2 . The interaction energy between gas molecules and mineral oil was as following: C 2 H 6 > C 2 H 4 > CO 2 > CO > C 2 H 2 > CH 4 > H 2 . The difference in interaction energy between the natural ester and mineral oil depended on the composition of the two oils.
The relative molecular weight of the gas was also a factor that influenced the diffusion behavior of gas molecules. The larger the molecular weight of gas molecules with similar structures, the greater the interaction energy. But CO and CO 2 in natural esters were an exception.
The displacement of the gas molecules in the mineral oil was zigzag, indicating that the gas molecules diffuse in the form of continuous jumps and gas molecules could conduct continuous transformational diffusion in the holes of the medium, whether in natural ester or mineral oil. H 2 had the greatest displacement distance. H 2 jumped a lot more each time than other gas molecules, making it easier to spread. Compared with the diffuse displacement and trajectory of gas molecules in mineral oil, gas molecules moved closer and were more difficult to diffuse in natural ester.
The order of the diffusion coefficients of gas molecules in natural ester was as follows: H 2 > CH 4 > CO > C 2 H 2 > C 2 H 4 > CO 2 > C 2 H 6 and that in mineral oil was as follows: H 2 > CH 4 > CO > C 2 H 2 > C 2 H 4 > C 2 H 6 > CO 2 . The diffusion coefficient of gas molecules in natural ester was less than that in mineral oil.
The rising temperature could enhance the free volume of gas molecules, reduce the interaction energy between gas molecules and oil, and increase the diffusion coefficient of gas molecules. Instead, the temperature didn't affect the ordering of diffusion coefficient, free volume, and interaction energy of gas molecules in natural ester.
The diffusion of gas molecules in polymers was mainly due to the free volume, interaction energy, and relative molecular weight of gas molecules. The binding energy between gas molecules and polymers was very large, which means that polymers had a strong binding ability to gas molecules. The free volume of the gas molecules in the polymer was very small, which means there was less space for the gas molecules to spread freely. The larger the interaction energy, the smaller the free volume, and the larger the relative molecular weight of the gas, the less the diffusion of the gas.
